The taxonomic and phylogenetic relationships among fifty strains of the genus Hansenula were studied by comparing seven enzymes electrophoretically. The patterns were uniform within each of nine species and four varieties. Hansenula platypodis and Hansenula polymorpha each showed a variation in pattern within themselves. The twentyfive Hansenula species tested were clearly distinguishable from each other by their enzyme patterns. Hansenula anomala var. anomala and H. anomala var. schneggii produced identical patterns for all seven enzymes. On phylogenetic line 1 by WICKERHAM, adjoining species showed relatively similar enzyme patterns, whereas each species of line 2 produced a characteristic pattern. Hansenula wingei on line 4 was similar to Hansenula canadensis on line 3 with respect to certain enzymes.
The taxonomic and phylogenetic relationships among fifty strains of the genus Hansenula were studied by comparing seven enzymes electrophoretically. The patterns were uniform within each of nine species and four varieties. Hansenula platypodis and Hansenula polymorpha each showed a variation in pattern within themselves. The twentyfive Hansenula species tested were clearly distinguishable from each other by their enzyme patterns. Hansenula anomala var. anomala and H. anomala var. schneggii produced identical patterns for all seven enzymes. On phylogenetic line 1 by WICKERHAM, adjoining species showed relatively similar enzyme patterns, whereas each species of line 2 produced a characteristic pattern. Hansenula wingei on line 4 was similar to Hansenula canadensis on line 3 with respect to certain enzymes.
The genus Hansenula is a suitable genus for studying the relationship among the species because it is one of the most extensively studied genera of yeasts from the taxonomic and phylogenetic viewpoints (1-I5) . In previous papers (16) (17) (18) (19) , the present authors reported that electrophoretic comparison of enzymes was a useful tool to clarify the taxonomic and phylogenetic relationships among various yeasts.
The present paper deals with the electrophoretic comparison of seven enzymes from strains of the genus Hansenula, and discusses the relationship among them by comparing with other biochemical studies.
MATERIALS AND METHODS

Yeast strains.
Fifty strains of the genus Hansenula representing twentyfive species and six varieties were used. The sources of these strains are listed in Table 1 . VOL. 29 Cultivating and harvesting cells, preparing cell free extracts, and gel-slab electrophoresis. Methods for cultivating and harvesting cells, preparing cell-free extracts, and gel-slab electrophoresis were essentially the same as those reported previously (16) .
Staining procedures. The enzymes studied were malate dehydrogenase (MDH; EC 1.1.1.37), glutamate dehydrogenase (GDH; EC 1.4.1.4), glucose-6-phosphate dehydrogenase (G6PDH; EC 1.1.1.49), 6-phosphogluconate dehydrogenase (6PGDH; EC 1.1.1.41), lactate dehydrogenase (LDH; EC 1.1.1.27), esterase (Est; EC 3.1.1.1), and catalase (Cat; EC 1.11.1.6). The staining procedures used for catalase were described by GREGORY and FRIDOvICH (20) and for other enzymes by SicluANo and SHAW (21) . Figure 1 shows an example of a slab of polyacrylamide gel stained for six enzymes of some Hansenula yeasts. The relative electrophoretic mobilities (Rm) of the enzyme bands were calculated as the ratio of the distance that the enzyme moved from the origin to the distance that the tracking dye (Bromophenol Blue) moved. Figure 2 shows the data of antigenic structures (4, 5), deoxyribonucleic acid (DNA) base composition (G+C content of DNA) (7), protonmagnetic-resonance (PMR) spectra of cell-wall mannans (11) , and coenzyme Q systems (8) of species in WICKERHAM'S phylogenetic scheme (1-3). TSUCHIYA et al. (4, 5) set up the serogroup VI, consisting of only Hansenula species. This serogroup is characterized by the group-specific antigen 16. The G+C contents of DNAs range from 31.5 to 50.2 mol % (7). Their coenzyme Q systems are Q-7 except for two species, Hansenula capsulata (Q-8) and H. holstii (Q-8) (8) .
Phylogenetic lines 1 a and 1 b Phylogenetic line la consists of homothallic species evolving toward a freeliving existence in soil, and all the members of this line form saturn-shaped ascospores (3). Hansenula beijerinckii is placed in the highest evolutionary position of this line because of its high sucrase and a-glucosidase activities (3). H. beijerinckii YK 001 was similar to H. saturnus var. subsufficiens YK 004 and YK 005 with respect to MDH, GDH, G6PDH (Rm 0.45), and LDH out of seven enzymes. The enzyme patterns of H. beijerinckii YK 001 were more similar to those of the two H. saturnus varieties than to those of other Hansenula species. Two H. saturnus var, saturnus strains and two H. saturnus var. subsufficiens strains produced similar patterns for MDH, GDH, and 6PGDH but not for G6PDH, LDH, Est, and Cat. These two varieties show similar G+ C contents of DNAs (7) but a variation for PMR types (11) . Hansenula mrakii occupies a phylogenetic position between Hansenula dimennae and H. saturnus. H. mrakii differs from H. dimennae in its inability to assimilate L-sorbose and its ability to grow on vitaminfree medium, and it differs from H. saturnus in its inability to ferment sucrose and rafinose (3). These species have similar antigenic structure (4) and G+ C contents of DNAs (7), though PMR spectra of their cell-wall mannans (11) show a (7), coenzyme Q systems (8) , and PMR spectra type of cell-wall mannans (11) of Hansenula species placed on the phylogenetic scheme by WICKERHAM (1-3).
PMR spectra type: 9b, 9d, 10a,11 a, lib, lid, lie, l 1 f, l l g, and 11 h. H. saturnus rather than to H. dimennae. H. dimennae is very similar to Hansenula californica physiologically but differs from it by an inability to assimilate sucrose. These two species are haploid, unlike the closely related diploid species H. mrakii, H. saturnus, and H. beijerinckii. The GEC content of DNA (7) and PMR spectrum (11) (7) in comparison with other species on this line and it was similar to those of the members of line 2, such as H. anomala. The antigenic structures (4) and the PMR type (11) of this species are related to the members of line 2, such as H. anomala. In this study, H. silvicola clearly differed from the members of line la in the patterns of GDH, G6PDH, 6PGDH, Est, and Cat. Moreover, this species was also dissimilar to other Hansenula species with respect to its enzyme patterns. Thus, H. silvicola is a peculiar species in its enzyme patterns. H. capsulata, the most primitive homothallic species, is the most commonly isolated from the frass of coniferous trees (3). This species shows the highest G+ C content of DNA (46.8-47.1 mol %) in this line (7) . The antigenic structures (5) and the coenzyme Q system (Q-8) (8) of this species are similar to those of the genus Pichia. H. capsulata assimilates methanol as a sole carbon source, though other species of line 1 can not. According to LEE and KOMAGATA (23) , this species differed from other methanol-assimilating yeasts, such as H. polymorpha (line 5), H. henricii (line 3), etc., in the electrophoretic pattern of methanol oxidase. In this study, the activities of G6PDH, 6PGDH, and Cat were not detected, and the patterns of MDH, GDH, LDH, and Est in this species differed from those of other species of line 1. However, as far as this study is concerned, we could not decide whether H. capsulata belongs to the genus Hansenula. An electrophoretic comparison of enzymes between Hansenula and Pichia will be required for clarification of this problem. Phylogenetic line lb is associated with mammals and is believed to be diploid (3). The species placed on line lb show similar G+C contents of DNAs (7), but the antigenic structures (4) and PMR spectra of mannans (11) of H. petersonii differ from those of H, jadinii and C. utilis. In the previous paper (17), we reported that C. utilis and H. jadinii produced identical enzyme patterns. H. petersonii is closely related to H. jadinii for which it differs principally in vitamin requirements, assimilating L-rhamnose, and formation of true hyphae (3) . In this study, these two species produced dissimilar patterns for MDH, GDH, LDH, and Est. In addition, the DNA sequence similarity between them is low, less than about 10% (13, 14) . Consequently, H. petersonii is a species distinct from H. jadinii.
As shown above, on the phylogenetic line 1 adjoining species showed relatively similar enzyme patterns, with the exception of H, capsulate which fit poorly into this line.
Phylogenetic line 2
This line is comparable to line la but consists of heterothallic species. Of the members of phylogenetic line 2, five species, H. ciferrii, H. anomala, H. subpelliculosa, H. fabianii, and H. holstii, were distinguishable from one another by the enzyme patterns, though the G+C contents of the DNAs of four species were similar, the exception being H. fabianii (7) . Three H. anomala var. anomala strains and two H. anomala var. schneggii strains produced identical patterns for all seven enzymes. These two varieties also had identical antigenic structures (4) and G+C contents of DNAs (7). Therefore, H. anomala var. schneggii should be a synonym of H. anomala. Inadequate location of H. fabianii in the phylogenetic scheme is pointed out by several workers because it has an exceptionally high G+ C content of DNA (7) and the same antigenic structures (4, 5) as those of certain species of lines 1 and 4 such as H. saturnus, H. bimundalis, etc. On the other hand, the PMR type of this species is similar to those of species of lines 2, 4, and H. saturnus, H. silvicola, and H. petersonii on line 1 (11). In this study, H. fabianii differed from the species of lines 1 and 4 with respect to most enzymes. As far as this study is concerned, H. fabianii is distinct from other Hansenula yeasts, but there is no reason to exclude this species from line 2. H. holstii is the most primitive species of this line and possessed coenzyme Q system of Q-8 (8) . The antigenic structures of this species differ from those of other Hansenula species (4, 5) . The PMR spectra of the mannans of H. holstii are similar to those of H. capsulate (line 1, Q-8) and H. californica (line 1) (11) . In this study, the activities of G6PDH and 6PGDH were not detected in three H. holstii strains, moreover, those of LDH and Est were not found in YK 030 nor those of Est and Cat in YK 031. Moreover, YK 029 and YK 030 showed a peculiar Rm value of Cat which was not detected in other Hansenula species. Thus, H. holstii differed from other Hansenula species in its enzyme patterns. An electrophoretic comparison of enzymes between this species and Pichia will be required. In contrast with the species of line 1 each species of line 2 produced a characteristic pattern.
Phylogenetic lines 3 and 4
The members of these two comparable lines, line 3 homothallic and 4 heterothallic, became more dependent upon coniferous trees as they evolved toward the diploid state. Phylogenetic line 3 comprises four species, H. beckii, H. canadensis, H. henricii, and H. nonfermentans. Phylogenetic line 4 involves H. wingei and two varieties of H, bimundalis. H. henricii and H. nonfermentans show high G+C contents of DNAs, while H. canadensis and H. beckii show low contents (7). According to TsUCHIYA et al. (5), the latter two species had the same antigenic structures as H. wingei. H. canadensis is physiologically similar to H. beckii, but the latter produced true hyphae and assimilates ribitol (3). The assimilation pattern of H. wingei is essentially similar to those of H. bimundalis, H. canadensis, and H. beckii (3). SPENCER et al. (12) transferred H. henricii and H. nonfermentans from line 3 to a new phylogenetic line 5b based on PMR spectra of the mannans. Three species of line 3 with the exception of H. nonfermentans YK 037 had no 6PGDH activities. H. beckii YK 032 differed from H. canadensis YK 033 and H. nonfermentans YK 037 in most of its enzymes. On the other hand, H. beckii YK 032 and three H. henricii strains produced similar patterns for MDH, GDH, G6PDH, and LDH (Rm 0.56) out of seven enzymes. H, canadensis, which is on the other side of H. henricii, differs from it in the assimilation of several carbon compounds (3). H. canadensis YK 033 differed from other species of line 3 in its enzyme patterns. As far as this study is concerned, H. beckii YK 032 was related to H. henricii strains rather than to H. canadensis YK 033. H. wingei YK 038 was similar to H. canadensis YK 033 with respect to its MDH, GDH, G6PDH (Rm 0.30 and 0.32), and Cat, and no activity of 6PGDH was detected in both species. On the other hand, YK 038 was dissimilar to two H. bimundalis varieties and H. beckii with respect to most of the enzymes. Consequently, H. wingei YK 038 was closely related to H. canadensis YK 033 on line 4 on the basis of the enzyme patterns. According to FUSON et al. (15) , the DNA sequence similarity between H. wingei and H. canadensis is 77.6 % but those between H. wingei and two species, H. bimundalis and H, beckii, are below 8.8 %. From those results, H. wingei should be placed on line 3. According to WICKERHAM (3), H. bimundalis var. bimundalis conjugated with H. bimundalis var. americana, but the zygotes did not produce ascospores. These two varieties show similar GEC contents of DNAs (7) and antigenic structures (5) . In this study, these two varieties showed enzyme patterns different from each other. H. bimundalis var, bimundalis was the species distinct from H. bimundalis var. americana. Two varieties of H. bimundalis show the same antigenic structures (5), G+C content of DNAs (7) and PMR spectra of the mannans (11) as those in the species in line 1 and H. fabianii in line 2. H. bimundalis var. americana YK 040 was similar to three H. fabianii strains with respect to its MDH, G6PDH (Rm 0.40), 6PGDH (Rm 0.38), and Cat. The phylogenetic location of H. bimundalis var. americana should be further investigated.
Phylogenetic line 5
The homothallic species comprising this line are intermediate in their evolutionary development between the species of lines la and lb on the one hand and line 3 on the other in so far as habitat, ploidy, and physiology are concerned (1, 3).
H. polymorpha, H, glucozyma, and H. minuta showed high GEC contents of 45.1-48.3 mol %, while H. platypodis exhibited an intraspecific variation of about 5 mol % (31.5-36.8 mol %) (7). According to SPENCER et al. (12) , four species in line 5, H. henricii, H. nonfermentans, and H. wickerhamii, are similar. The patterns of H. platypodis and H. polymorpha varied within the species. These two species, therefore, should be reclassified from biochemical viewpoints. H. polymorpha had antigenic structures similar to H. minuta and H. capsulata (4, S). However, the enzyme patterns of H. polymorpha were dissimilar to those of H. minuta and H. capsulate. The enzyme patterns of H. polymorpha also clearly differed from the members of lines 1, 2, and 3. H, polymorpha is considered to be related to the genus Pichia (4). Therefore, an electrophoretic comparison of enzymes among them will be required.
H, minuta and H. glucozyma are the most predominant haploid species of line 5. They are very much alike in their physiological and morphological properties (3), differing only in assimilation of L-rhamnose and erythritol. In this study, H. minuta YK 049 and H. glucozyma YK 048 produced similar patterns for MDH, GDH, and Est (Rm 0.54) but differed for other enzymes. Moreover, H, minuta YK 049 was similar to H. nonfermentans YK 037 with respect to its G6PDH (Rm 0.41), LDH, and Est but not to other enzymes. As far as this study is concerned, H. minuta had a slight relationship with H. glucozyma and H. nonfermentans rather than H. platypodis and H. polymorpha. The species of line 5 and the related species will be subdivided into some sublines as pointed out by SPENCER et al. (12) .
H. wickerhamii has not yet been definitely placed on any line, but it is tentatively considered as being on line 3 (3). The G+ C content of DNA (7) and PMR spectrum of the mannans (I1) from H. wickerhamii are similar to those of species on lines 1, 3, and 5. H. wickerhamii YK 050 had a unique MDH pattern which was not observed in other Hansenula species. In GDH and 6PGDH, YK 050 was similar to the species of lines 1, 2, and 3. Moreover, the G6PDH pattern of YK 050 was similar to those of species of lines 3 and 4. The patterns of LDH and Est from YK 050 were comparable with those of all lines. However, there was no species which showed identical patterns for most of enzymes tested.
As discussed above, in contrast with the species of Rhodotorula (16) and Cryptococcus (18) , each species of Hansenula has a uniform pattern. Therefore, an electrophoretic comparison of enzymes is one of the most useful tools for identifying and classifying the species of the genus Hansenula. In this study, the phylogenetic scheme of the genus Hansenula by WICKERHAM (3) was confirmed with only a few exceptions because the patterns of each species on a line was more similar to those of its neighbours than to those of species further away. This technique was thought to be useful for the phylogenetic study of yeasts. However, the interrelation between the relative mobilities of enzyme bands and the evolution of Hansenula yeast is not yet clear. Hansenula yeasts, such as H. capsulata, H. polymorpha, H. glucozyma, and H. holstii, are closely related to certain species of the genus Pichia in physiological and biochemical properties. In the near future, an electrophoretic comparison of enzymes from the strains of the genus Pichia will be required for clarification of the relationships to the abovementioned Hansenula yeasts. Recently, some new species belonging to the genus Hansenula have been reported (24) but they are not included in this study. However, their phylogenetic relationships may be expected to be clarified when their enzymes are compared electrophoretically.
